Basic fibroblast growth factor (Fgf2) is required for the generation of founder cells within the dorsal pseudostratified ventricular epithelium, which will generate the cerebral cortex, but the ganglionic eminences are not affected. We report here that the Fgf2 null mutant mice show an ϳ40% decrease in cortical glutamatergic pyramidal neurons. In contrast, no change in pyramidal or granule cell number is detected in the hippocampus of Fgf2 Ϫ/Ϫ mice. In addition, the soma of the pyramidal cells in the frontal and parietal cortices are smaller in Fgf2 knock-out mice. The decrease in the number and size of glutamatergic neuronal population affects all cortical layers but is restricted to the frontal and parietal cortices without any change in the occipital cortex, indicating that Fgf2 is necessary to regulate cell number and size in the anterior cerebral cortex. In contrast to pyramidal neurons, cortical GABA interneurons are unaffected by the lack of Fgf2. The resulting imbalance between the excitatory and inhibitory neurotransmission in the cerebral cortex is reflected by an increased duration of sleep when the animals receive a GABA receptor agonist. Thus, Fgf2 signaling may contribute to the regional specification of the cerebral cortex and may play a role in increasing the size of anterior cortical regions during vertebrate evolution.
Basic fibroblast growth factor (Fgf2) is required for the generation of founder cells within the dorsal pseudostratified ventricular epithelium, which will generate the cerebral cortex, but the ganglionic eminences are not affected. We report here that the Fgf2 null mutant mice show an ϳ40% decrease in cortical glutamatergic pyramidal neurons. In contrast, no change in pyramidal or granule cell number is detected in the hippocampus of Fgf2 Ϫ/Ϫ mice. In addition, the soma of the pyramidal cells in the frontal and parietal cortices are smaller in Fgf2 knock-out mice. The decrease in the number and size of glutamatergic neuronal population affects all cortical layers but is restricted to the frontal and parietal cortices without any change in the occipital cortex, indicating that Fgf2 is necessary to regulate cell number and size in the anterior cerebral cortex. In contrast to pyramidal neurons, cortical GABA interneurons are unaffected by the lack of Fgf2. The resulting imbalance between the excitatory and inhibitory neurotransmission in the cerebral cortex is reflected by an increased duration of sleep when the animals receive a GABA receptor agonist. Thus, Fgf2 signaling may contribute to the regional specification of the cerebral cortex and may play a role in increasing the size of anterior cortical regions during vertebrate evolution.
Key words: fibroblast growth factor; knock-out; glutamate; GABA; pyramidal neurons; GABA interneurons; null mutation; neurogenesis; mouse; pseudostratified ventricular epithelium; neuronal progenitor; growth; cerebral cortex; regional specification Basic fibroblast growth factor (Fgf2) is one of the most potent mitogenic factors in the CNS (Gensburger et al., 1987; Kilpatrick and Bartlett, 1993; Vaccarino et al., 1995; Vicario-Abejon et al., 1995) . Neural stem cells from a variety of CNS regions may require Fgf2 or a close homolog for their proliferation and differentiation (Ray et al., 1993; Qian et al., 1997; Palmer et al., 1999; Tropepe et al., 2001) . Furthermore, the addition of Fgf2 in vitro increases neuronal survival (Grothe et al., 1989; Knusel et al., 1990; Gensburger et al., 1992; Otto and Unsicker, 1993) .
Although Fgf2 acts on the proliferation and survival of a wide variety of cellular systems in vitro, initial phenotypic analyses of mice homozygous for a null Fgf2 allele (Fgf2 knock-out mice or Fgf2 Ϫ/Ϫ) revealed apparently normal organogenesis, with the exception of the cerebral cortex (Dono et al., 1998; Ortega et al., 1998; Vaccarino et al., 1999) . The cerebral cortical abnormalities consist of a 45% decrease in the total number of cells, including both neurons and astroglia, at maturity (Vaccarino et al., 1999) . This defect may be attributable to a lack of cell specification, because the lack of Fgf2 did not affect cell survival, among either neuroepithelial cells during neurogenesis or postmitotic cortical neurons (Raballo et al., 2000) . Furthermore, Fgf2 plays a critical role before the onset of cortical neurogenesis, as demonstrated by a 60% reduction of proliferating cells within the dorsal pseudostratified ventricular epithelium (PVE) of Fgf2 knock-out mice at embryonic day 10.5 (E10.5) (Raballo et al., 2000) . Because Fgf2 Ϫ/Ϫ mice lacked 45% of cortical neurons at birth, the progenitor loss is compensated only in part during neurogenesis. Interestingly, the development of the basal telencephalon is unaffected by the lack of Fgf2, and the number of neurons within the basal ganglia at birth is unchanged in Fgf2 knock-out mice (Raballo et al., 2000) . Thus, it appears that Fgf2 is necessary for establishing the appropriate number of founder cells within the dorsal PVE, which will then give rise to cells of the cerebral cortex. In contrast, the lack of Fgf2 can be compensated, or is less critical, for the development of the basal ganglia.
The decreased progenitor cell pool indicates that Fgf2 is required for the development of a subset of cortical progenitors within the dorsal PVE, which in turn may differentiate into cortical projection neurons. The dorsal PVE is thought to contribute mainly to glutamatergic pyramidal cells that migrate radially from the dorsal neuroepithelium to the cortical plate (Tan et al., 1998) . In contrast, a large percentage of cortical interneurons migrate tangentially to the developing cerebral cortex from the developing basal ganglia (de Carlos et al., 1996; Anderson et al., 1997a,b; Lavdas et al., 1999) . Because the dorsal PVE was depleted of progenitors but the ganglionic eminences were not affected in Fgf2 Ϫ/Ϫ mice, we predicted that these mice should lack a population of pyramidal neurons, but their cortical GABA interneurons should have remained unchanged. In the present study, we estimated the number, size, and layout of phenotypically identified cortical neurons in Fgf2 null mutant mice. Fgf2 was found to be necessary for the regulation of both the number and size of pyramidal neurons, but only in the anterior regions of the cerebral cortex. The results suggest that Fgf2 is essential for the generation of this regional subset of pyramidal cells. Because Fgf2 was not required for the generation of GABAergic interneurons, there is an imbalance between excitatory and inhibitory neuron number in the cerebral cortex of these mutant mice. This imbalance is physiologically significant, because Fgf2 knock-out mice are more sensitive to the effects of GABAergic drugs. We propose that Fgf2 regulates cortical patterning by promoting the generation of regionally specific subsets of pyramidal neurons and enhancing their trophism within the cerebral cortex.
MATERIALS AND METHODS
Animals. Fg f2 knock-out and wild-type mice from two different genetic backgrounds were used in this study. The first is the Fg f2 null allele created into a 129Sv:black Swiss genetic background (Z hou et al., 1998) . The second strain of Fg f2 knock-out mice was created in a 129Sv:C57BL /6 background (Ortega et al., 1998) . Animals used for the experiments were mainly derived from heterozygous crosses. Each experiment compared Ϫ/Ϫ versus ϩ/ϩ littermates from a minimum of two separate litters. Animals were genotyped by PCR (Z hou et al., 1998) , after digestion of tail DNA according to routine protocols. E xtracts were precipitated with isopropanol, and pellets were washed with 75% ethanol. Purified DNA was resuspended in 200 l of water and used for PCR at dilutions ranging from 1:10 to 1:100.
Immunohistochemistr y. Wild-type and knock-out mice were anesthetized using ketamine -xylazine (100 and 10 mg / kg, respectively) and perf used transcardially with 0.1 M PBS, followed by chilled fixative solution containing either 4% paraformaldehyde (in 0.1 M PBS, pH 7.4) or a mixture of 4% paraformaldehyde and 1.0% glutaraldehyde (in 0.1 M PBS, pH 7.4). Fixative containing 4% paraformaldehyde was used for all of the labeling procedures, with the exception of glutamate immunolabeling, in which we used a mixed aldehyde fixative. Brains were removed and post-fixed for 2-4 hr in the respective fixatives. Brains were then briefly washed in PBS and cryoprotected in graded series of sucrose. The brains were then placed in OC T mounting compound (Miles, Elkhart, I N) and frozen on dry ice. Cryostat sections (50 m) of brains were cut coronally in a series of 10 in which every 10th section was collected per each series. Before immunolabeling, sections from both knock-outs and wild-type mice were coded so as to mask the identity of their genotypes and were processed simultaneously for immunolabeling so that the same experimental conditions were applied for both the genotypes.
For each antibody, one series of sections was stained free floating. Sections were blocked in 10% serum and incubated overnight at 4°C in primary antibodies diluted in 10% normal serum as follows: glutamate (1:6000; mouse monoclonal from DiaSorin, Stillwater, MN); calbindin (1:1000; rabbit antibody from Chemicon, Temecula, CA); parvalbumin (1:1000;mouse monoclonal from Sigma, St. Louis, MO); GABA (1:2000; guinea pig; polyclonal from Eugene Tech International Inc., Ridgefield Park, NJ); SMI-32 (1:4000; mouse monoclonal from Sternberger Monoclonals, Lutherville, MD); neuronal-specific nuclear protein (NeuN) (1: 500; mouse monoclonal from Chemicon, Temecula, CA); and latexin (undiluted culture supernatant; mouse monoclonal antibody; gift from Dr. Arimatsu, Mitsubishi Kasei Institute of Life Sciences, Tokyo, Japan). On the following day, sections were washed three times for 20 min each in PBS, treated with suitable biotinylated secondary IgG, and processed using the avidin-biotin-peroxidase complex (Vectastain ABC elite kit; Vector Laboratories, Burlingame, CA) as described previously (Raballo et al., 2000) . The reaction was visualized using a solution containing 0.0125% diaminobenzidine (DAB) and 0.0005% hydrogen peroxide. Few sections at a time were developed in DAB, and identical developing times were maintained for all of the samples. Sections were mounted on gelatin-subbed slides, dehydrated, and coverslipped. Adjacent series of sections from each animal were stained with cresyl violet for volumetric stereological assessment and the definition of cortical layers. Images were taken using a Zeiss (Oberkochen, Germany) Axiocam video camera on a Zeiss 2M Axioskope.
Fluorescence labeling. For SM I-32 fluorescence labeling, an anti-mouse IgG conjugated to Alexa-488 (1:500; Molecular Probes, Eugene, OR) secondary antibody was used. Nuclei were counter stained with TO-PRO3 iodide (1:2000; Molecular Probes). For SM I-32 and GABA double immunolabeling in postnatal day 7 (P7) brains, after treating the sections with primary antibodies overnight at 4°C, sections were rinsed in PBS and reacted with biotinylated anti-guinea pig IgG for 1 hr at room temperature (Vector Laboratories). Sections were then treated simultaneously with anti-mouse IgG conjugated to Alexa-488 and Texas Red avidin DC S (1:200; Vector Laboratories) for 1 hr. Images were captured using a Z eiss Axiovert 100M confocal microscope.
Stereolog ical anal yses. Volume and total cell numbers were assessed using stereological techniques on coded brains for which the experimental condition was not known to the investigator. The details of the optical dissector method we used were described by Vaccarino et al. (1999) . Volume and cell number of hippocampus and cerebral cortex were analyzed in a series of one every 6 -10 sections spanning the whole region. C ell counts were done at 100ϫ magnification in threedimensional areas (3 ϫ 10 Ϫ6 mm 3 ), and an average of 10 -45 areas depending on the region were counted per brain.
Bin counts. For the determination of cell density in various layers of the cerebral cortex, a series of one every 10 sections immunostained with glutamate or SM I-32 were counted within a 100-m-wide bin extending from the pial surface to the white matter border. This bin was f urther subdivided into 50-m-thick sectors. C ell density was scored within each sector from the pial surface to the white matter. The correspondence between the various sectors and cortical layers was assessed using adjacent sections stained with cresyl violet. Counts were made blindly to the genotype of the animals. We chose landmarks to distinguish different regions of cortex as follows: for frontal cortex, cortical areas above the caudate nucleus and anterior commissure; for parietal cortex, the area just above the hippocampal fimbria; and for occipital cortex, the region above the hippocampal granule cell layer. Sections from different animals were matched by comparing these landmarks in cresyl violet-stained sections.
Anal yses of cell size. C ells were randomly selected within the frontal, parietal, or occipital regions in sections immunostained with SM I-32. Landmarks were used to distinguish various regions of the cortex as explained above. A total of 50 -60 randomly selected neurons from all cortical layers were entered for this analysis per animal. The soma perimeter and area were determined using a Macintosh-based analysis program based on N IH Image. C ells were viewed on a Z eiss Axioplan microscope equipped with a Sony (Tokyo, Japan) DXC 9000 video camera and a New Vista Plus frame grabber board. C ell perimeters were traced using a WAC OM drawing tablet and high-resolution mouse. C ell areas were calculated with the program automatically. Only the cells that displayed a minimum of three neurites were included in this analysis to avoid assaying cells that were cut tangentially to the cell membrane.
Sodium pentobarbital-induced righting refle x loss. The duration of the sodium pentobarbital (P TB)-induced loss of the righting reflex was measured after intraperitoneal injections of P TB-Na (50 mg / kg body weight) in Fg f2 Ϫ/Ϫ and wild-type littermates (wild type, n ϭ 9; Fg f2 Ϫ/Ϫ, n ϭ 13) as described previously (Matsumoto et al., 1996) . For each animal, we measured the time lapse between the administration of the drug and the onset of righting reflex loss and the period of time between the loss of the righting reflex and its return. The latter time period was the duration of the righting reflex loss (belly-up time).
RESULTS

The number of hippocampal neurons is unchanged in Fgf2 knock-out mice
We demonstrated previously that, in Fgf2 null mutant mice, the number of progenitor cells in the dorsal PVE is significantly decreased (Raballo et al., 2000) . The hippocampus arises from the dorsomedial portion of the PVE, and it could potentially be affected by these changes. Furthermore, it has been shown that, when injected peripherally, Fgf2 increases thymidine incorporation in the hippocampus at P1 (Tao et al., 1996) . To see whether the loss of Fgf2 affects hippocampal development, we estimated the volume and neuron number for the pyramidal and granule cell layers of the hippocampus in NeuN-stained tissue sections from adult knock-out and wild-type mice (n ϭ 4). These analyses revealed that the total number of granule neurons is 3.86 ϫ 10 5 in wild-type mice and 4.08 ϫ 10 5 in Fgf2 knock-out mice. These values are not significantly different ( p Ͼ 0.5). Similarly, the number of hippocampal pyramidal neurons was 4.8 ϫ 10 5 and 5.5 ϫ 10 5 for wild-type and knock-out mice, respectively ( p Ͼ 0.1). Neither the neuronal soma size nor the volume of the hippocampal granule and pyramidal layers showed significant differences between wild-type and mutant mice (data not shown). These data suggest that, under normal conditions, Fgf2 may not be necessary for the development or maintenance of hippocampal neurons.
The number of cortical pyramidal neurons is decreased in Fgf2 null mutants, whereas that of interneurons is unchanged
We showed previously that the total number of NeuN-stained cortical neurons is decreased by 25% in adult Fgf2 knock-out mice (Vaccarino et al., 1999) . To determine whether this decrease is restricted to any particular neuronal subclass, we used immunocytochemical markers for excitatory and inhibitory neurons. Antibodies to calbindin, parvalbumin, and GABA were used to identify cortical interneurons, whereas SMI-32, latexin, and glutamate antibodies were used to identify pyramidal neurons (Conti et al., 1987; Campbell et al., 1991; Hof and Morrison, 1995; Arimatasu et al., 1999a,b) . In the dorsolateral prefrontal and parietal cortices, the density of glutamate-immunoreactive cells was markedly lower and cell somata of pyramidal neurons were visibly smaller in Fgf2 null mutant mice compared with littermate controls (Figs. 1, 2 ). In contrast, no changes in glutamate cell density were found in occipital cortex (data not shown).
Unbiased stereological analyses of the entire cerebral cortex confirmed that there was an overall 38% decrease in number of excitatory neurons, identified by glutamate immunostaining, in Fgf2 knock-out mice compared with wild-type mice ( p Ͻ 0.05) ( Table 1) . In contrast, the number of interneurons immunostained by calbindin, parvalbumin, or GABA did not differ between the Fgf2 Ϫ/Ϫ and wild-type animals (Table 1) . Interestingly, the sum of calbindin-and parvalbumin-positive cells approached that of GABA-positive cells, confirming that GABA immunostaining encompasses all interneurons, whereas calciumbinding proteins identify specific interneuron subsets. The number of GABA-positive cells was approximately one-third the number of glutamate cells in wild-type mice, which is the normal cortical GABA/glutamate ratio. In contrast, the number of GABA interneurons was one-half the number of glutamate cells in the Fgf2 knock-outs, reflecting a striking imbalance in these neurotransmitters (Table 1) .
To verify whether the decrease in the number of glutamateimmunostained cells is attributable to a decrease in glutamate content or whether it reflects a lack of pyramidal cells, we used additional markers to identify pyramidal neurons in the cerebral cortex. The SMI-32 monoclonal IgG reacts with a nonphospho- rylated epitope in neurofilament H present in a subset of cortical pyramidal cells (Campbell et al., 1991; Hof and Morrison, 1995) . Sections from adult wild-type and Fgf2 Ϫ/Ϫ littermates stained with the SMI-32 antibody were analyzed to assess pyramidal cell density within layers of the parietal cortex. The data indicated a significant decrease ( p Ͻ 0.05) in SMI-32-positive cells in Fgf2 knock-outs compared with controls, both in infragranular and supragranular layers of the parietal cortex (Fig. 3) . Neuronal density in the supragranular layers was decreased by 60% in the mutant mice compared with controls. A similar decrease in SMI-32-positive cell density (45%) was found in the infragranular layers. In contrast, adjacent sections stained with calbindin did not reveal any change in the density of these interneurons in Fgf2 knock-out mice (Fig. 3) . SMI-32 fluorescence immunostaining revealed a decrease in the neuropil staining of the frontal and parietal cortices of Fgf2 Ϫ/Ϫ mutant mice compared with their wild-type littermates (Fig. 4) . In wild-type mice, the primary dendrites could be seen as continuous long stained processes extending from the cell body. In addition, there was dense punctate staining in the neuropil, which reflected the cross section of pyramidal cell dendrites. In contrast, knock-out animals showed an apparent reduction of staining in the primary dendritic processes and much less punctate staining in the neuropil (Fig. 4) .
To rule out the possibility that the decrease in SMI-32-positive neurons in Fgf2 knock-out mice was attributable to any phosphorylation-mediated masking of the epitope recognized by SMI-32 antibody, we used an antibody against latexin. This carboxypeptidase inhibitor is contained within pyramidal cells restricted primarily to layer VI and, to a lesser extent, layer V within the temporoparietal cortex (Arimatasu et al., 1999a) . We observed a clear decrease in the number of latexinimmunoreactive neurons in the temporoparietal cortex of the Fgf2 Ϫ/Ϫ mice (Fig. 5 ). In addition, we again noticed a significant decrease in the staining of the neuropil. The punctate staining in the neuropil of wild-type mice was so dense that the proximal dendritic staining was masked (Fig. 5A ). In contrast, the neuropil staining in Fgf2 knock-out mice was less dense and revealed the dendritic architecture (Fig. 5B ). In conclusion, the examination of three different markers for pyramidal cells and three additional markers for interneurons suggest that pyramidal cell number was markedly decreased in mice lacking Fgf2, whereas no alterations were noticed in the number of nonpyramidal cells.
Fgf2 is necessary for the specification of glutamate cell number in anterior cortical regions
To assess whether pyramidal cell number was uniformly affected throughout cerebral cortical regions and layers in Fgf2 Ϫ/Ϫ mice, the density of glutamate-immunoreactive cells was ascertained in Fgf2 null mutant mice (Fgf2 Ϫ/Ϫ) show a significant decrease in number of glutamate-positive pyramidal neurons in the cerebral cortex, whereas the number of GABA-, calbindin-, and parvalbumin-containing interneurons remain unchanged. Cell numbers in the neocortex were estimated by stereologial analysis using the optical dissector method. No statistically significant differences in cortical volume were observed between genotypes. ANOVA showed that the decrease in glutamate-containing cells was statistically significant (genotype main effect, F ϭ 9.95; p Ͻ 0.001). n ϭ 6 mice per genotype: three on C57BL/6 and three on 129Sv:black Swiss background. The glutamate/GABA ratio is approximately 3:1 in wild-type mice and 2:1 in Fgf2 knock-outs.
three cortical areas: dorsolateral prefrontal, parietal, and occipital. Cell density accurately reflects changes in cortical cell number in these animals, because no significant differences in cortical volumes were present between wild-type and mutants. In conclusion, in wild-type mouse, frontal and parietal cortices have higher glutamate cell densities than occipital cortex. In contrast, in Fgf2 knock-out animals, glutamate-immunoreactive cell densities found in frontal and parietal cortex were less than those found in the occipital cortex, suggesting that region-specific differences in pyramidal cell number were reversed. To better assess the laminar organization of the cerebral cortex in Fgf2 knock-out mice, we examined the density of pyramidal cells along different cortical layers. Figure 6 shows glutamate cell density averages for each cortical layer for frontal, parietal, and occipital regions. In frontal and parietal regions of Fgf2 knock-out animals, glutamate-immunoreactive cells were substantially decreased in all cortical layers except layer 1. In contrast, no significant differences were found in occipital regions (Fig. 6) . ANOVA showed again a strong effect of genotype ( p Ͻ 0.0001) and a significant genotype ϫ region interaction ( p Ͻ 0.05) when frontoparietal regions were compared with occipital. There was no significant genotype ϫ layer effect.
Despite the decreases in cell density in all layers, peak cell densities within each layer were relatively well preserved in mutant animals, ruling out a primary defect in the layer-specific aggregation of pyramidal cells. Furthermore, the location of layer II/III as assessed by calbindin immunoreactivity (Fig. 3) and of layer V/VI as assessed by latexin (Fig. 5) were not altered. Together, these data suggest that cortical cell migration and aggregation into specific layers is not affected by the lack of Fgf2. The data confirm that Fgf2 knock-out mice have a profound decrease in the number of glutamate-positive neurons in all layers of the cerebral cortex. This loss in pyramidal cells is restricted to anterior cortical regions, suggesting that Fgf2 signaling contributes to the anteroposterior specification of the cerebral cortex.
Fgf2 is critical for the size of the pyramidal cell soma
In addition to the decrease in the number of pyramidal cells, cell size was visibly smaller in the knock-out animals compared with wild-type mice in glutamate-immunostained sections. The decrease in the apparent volume of the cell somata was particularly evident in areas in which pyramidal cells are bigger in size, such as the medial prefrontal cortex (Fig. 7) , but was also noticeable in dorsolateral prefrontal (Fig. 1) and parietal (Fig. 2) cortices. In contrast, no difference in the size of glutamatergic neurons was evident in the occipital cortex (data not shown). To understand whether this effect on size was attributable to a decrease in glutamate content versus an actual smaller cellular volume, we examined sections immunostained with SMI-32, which recognizes a structural component of the cell. Quantitative assessments of the area of SMI-32-immunostained cell profiles revealed complex patterns that differed between cortical regions (Fig. 8) . In the frontal cortex of wild-type mice, there was a unimodal distribution of cell sizes centered on values in the range of 151-200 m 2 ; ϳ65% of the cells were larger than 151 m 2 . In the Fgf2 mutants, this distribution shifted to the left, with only 38% of cells in the same range (Fig. 8) . In wild-type parietal cortex, there was a bimodal distribution of cell areas centered around two peaks: 101-150 m 2 (34% of the cells) and 201-250 m 2 (28% of the cells). In contrast, a unimodal distribution with areas centered on the 101-150 m 2 range (45% of cells) replaced these two populations in the Fgf2 Ϫ/Ϫ parietal cortex, and the proportion of cells over 201-250 m 2 decreased to Ͻ11% compared with 36% in the wild-type mice. In the wild-type occipital cortex, a unimodal distribution of pyramidal cells was present, with the greatest number of cells centered on values of 101-150 m 2 area. There was no change in the Fgf2 knock-outs. In sum, the largest pyramidal cells in both frontal and parietal cortices represented by the populations with soma areas above 200 m 2 decreased in the Fgf2 knock-out animals (Fig. 8) . As a result, the diversity in pyramidal cell size present in the wild-type cerebral cortex was replaced in the knock-outs by a uniform pattern throughout the cortex (Fig.   8) , which was remarkably similar to that normally present in posterior cortical regions. Thus, Fgf2 is necessary for upregulating pyramidal cell size in prefrontal and parietal regions of the cerebral cortex. In its absence, all cortical regions show a "default" pattern similar to what is normally present in the occipital cortex.
We then investigated the developmental underpinnings of this phenotype. No differences in somal size were observed among progenitors of the PVE between Fgf2 knock-out mice and wild types (data not shown). To find out whether this difference in soma size is evident during early postnatal development or appears later as the animal attains maturity, we looked at the SMI-32 staining in the P7 brains, the first time period when SMI-32-immunoreactive pyramidal cells are readily identifiable in the cerebral cortex (Fig. 9) . When we compared series of sections from wild-type and Fgf2 Ϫ/Ϫ mice at P7, we found no difference in the soma size between the genotypes, whereas differences were easily detected in adult mice stained with the same antibody (compare Figs. 4, 9) . These data suggest that, whereas in wild-type mice soma size is gradually upregulated over the course of subsequent postnatal development, knock-out mice may be unable to do so. However, we readily noticed a decrease in the pyramidal cell number in the knock-out mice compared with the wild-type mice at P7 (Fig. 9) . This is in agreement with previous observations that, in the Fgf2 mutants, there is a decrease in progenitor cells that give rise to cortical pyramidal neurons early in development (Raballo et al., 2000) .
Physiological consequences of the imbalance in the excitatory/inhibitory cortical neuron ratio in Fgf2 null mutants
Because of the decreased proportion of glutamatergic versus GABAergic neurons in the cerebral cortex of the Fgf2 null mutants, Fgf2 knock-out mice are likely to have an imbalance between excitatory and inhibitory neurotransmission in a large portion of the cerebral cortex. To find out whether these anatomical abnormalities have a functional counterpart, we stimulated inhibitory synapses using PTB, an agonist at the GABA receptorgated chloride channel (Olsen and Leeb-Lundberg, 1981; Olsen, 1988) . We hypothesized that, if there is a relative excess of inhibitory synapses on the soma of the remaining pyramidal cells, stimulating these synapses should reveal functional abnormalities consistent with an abnormal decrease in cortical excitability. To evaluate this, we measured the duration of the righting reflex loss in response to the administration of PTB in Fgf2 knock-out mice and wild-type littermates. Mice were examined at two different ages: 3-and 6-month-old mice. Although the time lapse between the administration of the drug and the induction of sleep remained unchanged among the two groups of animals, we observed that the time lapse between the loss and the subsequent return of the righting reflex (sleeping time) was increased in the mutants. In 3-to 4-month-old male mice, sleeping time was 159 Ϯ 9.4 min in wild-type mice and 218 Ϯ 7 min in Fgf2 knock-outs; in 4 -5 months old female mice, sleeping time was 88 Ϯ 15 min in wild type and 118 Ϯ 19 in Fgf2 knock-outs. The main effect of genotype on sleeping time was statistically significant (ANOVA; F ϭ 7.95; p Ͻ 0.01; n ϭ 13 wild type; n ϭ 9 knock-outs). There were no differences in body weight or rate of induction of anesthesia, suggesting a comparable tissue distribution of the anesthetic. The data support the conclusion that GABAergic agonists are more potent because of the lack of Fgf2.
DISCUSSION
This study demonstrates that the lack of Fgf2 produces a loss in number and a marked decrease in soma size of glutamatergic pyramidal neurons in the neocortex. In contrast, GABAergic interneurons throughout the cerebral cortex remain unchanged. The decreased number and growth of pyramidal neurons is not uniform but affects the cerebral cortex in an anteroposterior gradient; that is, anterior regions are profoundly affected and posterior regions are spared. These data place Fgf2 among a restricted group of molecules that influence regional specificity in the developing neocortex.
Glutamate neurons are thought to arise from the dorsal PVE by radial migration into the cortical plate, whereas GABAergic interneurons may reach the cortex by tangential migration from the developing basal ganglia (Luskin et al., 1988; de Carlos et al., 1996; Anderson et al., 1997a; Tan et al., 1998; Lavdas et al., 1999) . To what extent the dorsal PVE may contribute to the GABAergic population is unclear. We demonstrated previously a 60% loss of proliferating progenitor cells in the dorsal PVE of Fgf2 knock-out mice and a similar loss of cortical neurons at birth, although we did not detect any abnormalities in the basal ganglia (Raballo et al., 2000) . The selective loss of glutamate-containing pyramidal cells in neonatal and adult Fgf2 Ϫ/Ϫ animals confirms that the dorsal PVE generates glutamate-containing neurons. The sparing of GABAergic, as well as of calbindin-and parvalbumincontaining, neurons in these mutants suggest that most forebrain GABAergic interneurons originate from the basal telencephalon, the development of which is intact in Fgf2 null mutants.
The loss in glutamate-containing neurons and the sparing of GABAergic interneurons in Fgf2 null mice demonstrates that the development of these two cortical neuron types can be dissociated and that GABAergic and glutamatergic neurons are sub- Figure 6 . Fgf2 null mutants lack pyramidal cells in all cortical layers. Glutamateimmunoreactive cell densities were assessed in 100 m bins of cortical tissues within the prefrontal, parietal, and occipital cortices; three nonadjacent sections and two adjacent bins per section were counted per animal. Fgf2 knock-out mice had significantly less pyramidal cells in layers 2 through 6 in prefrontal and parietal but no differences in cell density for any of the layers in occipital cortices, with the exception of layer 6. n ϭ 6 mice per genotype: three on C57BL/6 and three on 129Sv:black Swiss background. *p Ͻ 0.05 comparing wild-type and knock-out mice; Student's t test. jected to the influence of different genetic and environmental factors. Fgf2 is not expressed in the medial ganglionic eminence (Raballo et al., 2000) . The medial ganglionic eminence is the main source of interneurons for both the lateral ganglionic eminence and the neocortex (Anderson et al., 2001) . We showed previously that progenitor cells for GABAergic neurons, differently than glutamate-progenitor cells, do not require Fgf2 for their proliferation and differentiation in primary culture (Vaccarino et al., 1995) . Together, these data imply that there is a decreased responsiveness of basal telencephalic cells to Fgf2 because they may rely on other Fgf ligands or different classes of morphogens.
The concerted action of Fgf2 on both cell hypertrophy and cell number is not unexpected. Many morphogenetic proteins, such as members of the wingless/Wnt and Hedgehog/Shh families, regulate cell growth as well as proliferation to pattern the shape of the embryo. Furthermore, the control of cell growth and cell cycle may be intimately interconnected at the molecular level. Two Fgf-activated intracellular signaling systems, the ribosomal protein S6 kinases pp90 rsk and pp70 S6K (Tan et al., 1996) and the Ras/mitogen-activated protein kinases pp42,44 (Huang et al., 1995; Mohamadi et al., 1996) , are able to regulate both cell growth and the cell cycle. Ras and S6 kinases activate the cdk2/4 and their respective D cyclins, promoting reentry into S phase (Leone et al., 1997; Peeper et al., 1997) . Ras and its downstream effector Myc, as well as S6 kinases, also regulate cell hypertrophy by inducing protein synthesis, translation initiation factors, and nucleolar structural proteins (Dang, 1999; Kim et al., 2000; Edgar, 2000, 2001) . Fgf2 has been shown to induce an early response gene involved in ribosomal protein synthesis, and it is required for the hypertrophy of cardiac myocites in response to a pressure load (Nelson et al., 2000) .
The molecular mechanisms used by Fgf2 to increase cell number and size may be similar, but these functions may be performed at different stages of development. Although it is likely that Fgf2 regulates cortical cell number by increasing the proliferation of cortical founder cells or stem cells before the onset of neurogenesis (Raballo et al., 2000) , the effect on pyramidal soma growth may be performed when neurons are postmitotic. Our observation that the lack of Fgf2 does not affect the soma size of progenitors during embryogenesis or postmitotic neurons at P7 indicates that the role of Fgf2 on soma size may be explicated at later times during the postnatal period. In this context, it is interesting to note that Fgf2 is downregulated in progenitor cells at midneurogenesis and expressed by cortical astrocytes after the first postnatal week of development (Kuzis et al., 1995; Raballo et al., 2000) . Western blot analyses of cortical Fgf2 protein levels in rats show undetectable Fgf2 levels before P10 and a progressive increase from P10 to P35 . We therefore hypothesize that Fgf2 in cortical astrocytes is necessary for upregulating neuronal size over the postnatal period. Extracellular growth factors are responsible for the growth of animal cells whether they are proliferating or not (Conlon and Raff, 1999) . Some of these signaling molecules exert their role both as mitogens and cell growth stimulators (Zettenberg et al., 1984) . One of the possible mechanisms by which Fgf2 could regulate the cell size is by activating intracellular signaling pathways that stimulate protein synthesis. Fgf2 is shown to be involved in one of these pathways that operates through phosphotidylinositol 3-kinase, resulting in the regulation of cell morphology (Kay et al., 1998) . Alternatively, Fgf2 may affect cortical neurons indirectly, through the synthesis of other trophic factors by astroglial cells.
Intriguingly, Fgf2 is critical for the regulation of number and growth of a restricted set of neurons, pyramidal cells in the frontal and parietal cortex. For example, whereas in wild-type mice there is an increased density of pyramidal neurons in the anterior cortical regions compared with posterior regions, in knock-out mice pyramidal cell densities found in frontal and parietal cortices are less than those in occipital cortex. Although frontoparietal neurons comprise the largest cells in the neocortex, the lack of Fgf2 does not seem to affect the growth of other large-sized neurons, such as hippocampal pyramidal cells or brainstem motor neurons. Thus, despite the wide distribution of Fgf2, this factor appears to be critical only for neurons of the anterior cerebral cortex. The lack of morphologic abnormalities in the hippocampal granule and pyramidal cell layers was surprising in view of the previously hypothesized role of Fgf2 in the development of these regions (Tao et al., 1997) . These data also suggest that Fgf2 may not be involved in granule cell neurogenesis in the adult, at least under baseline conditions. The mechanism responsible for the regionally restricted action of this growth factor is presently unknown. The dorsal PVE is composed of radially oriented progenitors that guide their neuronal progeny to topographically corresponding regions of the developing neocortex (Rakic, 1988; Noctor et al., 2001 ). Fgf2 and Fgf receptor 1 are both expressed by these radially oriented progenitor cells in an anteroposterior decreasing gradient (Wilke et al., 1997; Vaccarino et al., 1999; Raballo et al., 2000; Ragsdale et al., 2000; Vaccarino et al., 2001) , suggesting that Fgf2 is a paracrine signal for these cells. To find out whether Fgf2 regulates progenitor cell division preferentially in anterior regions of the PVE, we examined sections from wild-type and Fgf2 knockout animals in which the whole population of constitutively proliferating cells was labeled by cumulative bromodeoxyuridine (BrdU) injections for 8 hr (Raballo et al., 2000) . In E11.5 sections, we found no evidence that Fgf2 knock-out mice have defects in the density or proportion of BrdU-labeled cells in the anterior portion of the PVE with respect to wild-type mice (data not shown). However, we detected previously in the same sections a 45% decrease in the total number of BrdU-labeled cells in the PVE of Fgf2 knock-out mice (Raballo et al., 2000) . This is in line with our previous hypothesis that, in the absence of Fgf2, the total progenitor cell pool is smaller, even if the dynamics of cell division are the same among genotypes (Raballo et al., 2000) . For example, progenitors for neurons of anterior regions of the cerebral cortex could undergo a premature exit from the cell cycle in Fgf2 knock-outs; alternatively, there could be a smaller pool of stem cells in the anterior PVE. Unfortunately, there is a lack of cell lineage markers that could allow us to reliably demarcate the anterior cortical progenitor pool from the posterior during neurogenesis. Furthermore, although we found no evidence for abnormal cell migration, it is still possible that fewer postmitotic neurons migrate to anterior cortical regions in Fgf2 knock-out mice.
The multiple roles of Fgf2 in the regulation of pyramidal cell number and growth may impede compensatory mechanisms and lead to functional defects in Fgf2 knock-out mice. For example, the atrophy of the soma of these characteristically large cells may lead to a decreased capacity to sustain the metabolic demands of their large dendritic tree and a decreased turnover of synaptic proteins. Our findings on the decreased dendritic and neuropil staining in the anterior cortical regions of the Fgf2 knock-out mice further supports this view. This may further exacerbate the loss in pyramidal cell number and create a stronger defect in excitatory neurotransmission in the anterior cerebral cortex. Functional defects attributable to cortical abnormalities in mice are difficult to demonstrate because the cerebral cortex is not essential for survival or even for simple learning tasks in farmraised small rodent species (Thompson, 1959) . However, we show that the sleeping time after barbiturate challenge was greatly prolonged in these mutant mice. Because barbiturates act through the GABA receptor channel (Olsen and Leeb-Lundberg, 1981; Olsen, 1982) , this observation suggests that GABAergic transmission is abnormally enhanced in these mice, leading to decreased arousal. It is possible that the excess sleep time may be attributable to a slower breakdown or excretion of barbiturates, although Figure 8 . Decrease in soma size in mice with the Fgf2 null mutation is restricted to the frontoparietal regions of the cortex. Area of neuronal somata in the frontal, parietal, and occipital cortices. In the frontal and parietal cortices of Fgf2 knock-out mice, percentages of total cells shift toward the left (decreasing area values), indicating an absence of large-sized pyramidal cells in these areas in the Fgf2 knock-out animals. There is a lack of such differences between the wild-type (wt) and Fgf2 knock-outs in the occipital cortex. Note that there are different cell populations with respect to size in the wild-type cerebral cortex, whereas there is a single population in the mutants.
there is currently no evidence for either liver or kidney abnormalities in Fgf2 knock-out mice.
The regulation of sleep depends on the interplay between the cerebral cortex and subcortical stations within the basal ganglia, the diencephalon, and the brainstem, particularly the ventral tegmental area (VTA). Cholinergic, noradrenergic, and histaminergic cortical afferents exert a strong activating effect on the cerebral cortex, promoting arousal and modulating attention (Sherin et al., 1996; Saper, 2000) . The central stations of this cortical activating system are the lateral hypothalamus and adjacent histaminergic neurons in the tuberomammillary area, which are reciprocally connected with cholinergic and aminergic brainstem areas and in turn reciprocally connect to the entire cerebral cortical mantle, including the cingulate, motor, and sensory areas (Risold et al., 1997; Saper, 2000) . No Although we have not noticed any change in the soma size of the pyramidal neurons (stained in green with SMI-32) between the genotypes at this stage, note that there are fewer SMI-stained neurons and processes in the knock-out mice (B, D). In the parietal cortex, although we can see pyramidal cells arranged in columns with their extended processes in the wild-type mice ( C), such cells and processes are not noticeable in the knock-out mice ( D) . Note that the GABA interneurons (stained in red) are not changed between the genotypes. Scale bar, 50 m. apparent abnormalities in the hypothalamus and the brainstem reticular formation were noticed in the Fgf2 Ϫ/Ϫ mutants after Nissl staining. Preliminary observations on tyrosine hydroxylasestained sections from the mutant and wild-type mice do not show any differences in the VTA and adjacent dopaminergic neurons of the substantia nigra. We conclude that the abnormalities in sleep observed in Fgf2 Ϫ/Ϫ mice most likely represent a consequence of the decreased glutamate/GABA neuronal ratio in the cerebral cortex. Various cortical regions, particularly prefrontal, project to the hypothalamus, the VTA, and the substantia nigra directly via the medial forebrain bundle, and indirectly via the ventral striatum and pallidum, and can conceivably affect the cortical activating system (Risold et al., 1997) .
Because of the importance of Fgf2 in pyramidal cells of anterior cortical areas, we speculate that this factor may play a comparatively larger role in the primate species. Furthermore, phylogenetic pressure on the Fgf2 system may have contributed to the evolution of a key characteristic of the primate and human brain, the expansion of the anterior neocortex.
